A case study of the acquisition of a high-density, broadbandwidth vibroseis survey on Alaska's North Slope, using a high-productivity slip-sweep technique, shows the merits of this technique for acquisition of high-density data in a short time frame in extreme conditions as well as the benefits of high-density broadband data for subsequent processing, imaging, and seismic inversion.
Introduction
The North Slope in Alaska is a challenging environment for hydrocarbon exploration and production because it contains the National Petroleum Reserve and the Arctic National Wildlife Refuge. Therefore, it is essential that seismic crews have minimal impact on this fragile environment. Because operators are starting to look at pay zones in Cretaceous and Jurassic sequences above traditional plays, these were the primary objectives of a broad-bandwidth vibroseis survey. Imaging shallower zones featuring complex faulting and onlaps requires a step change in acquisition density. High spatial sampling is required to achieve the high resolution necessary to reveal these shallow structures and enhance ground-roll and ice-break noise attenuation.
Because onshore exploration is permitted only during a limited season, the only viable method of achieving this highdensity acquisition in a single season lies in the deployment of a high-productivity technique. In response to these operational and imaging challenges, in 2012, CGG acquired the first highdensity, high-productivity broadband vibroseis survey, known as Tabasco, on Alaska's North Slope (Figure 1) . A high-productivity vibroseis acquisition (HPVA) technique (Meunier and Olivier Winter, Peter MaxWell, rOn SchMid, and hOWard Watt, CGG Bianchi, 2002) was employed to increase the efficiency and productivity of slip-sweep vibroseis (Rozemond, 1996) operations and therefore allow enough shot points to be acquired in the short season. Another innovation in the survey was the use of a low-dwell broadband vibroseis sweep in conjunction with high-productivity acquisition to increase the bandwidth of the data, particularly at the low-frequency end of the spectrum.
The Tabasco multiclient high-resolution 3D survey covering 133 miles 2 (350 km 2 ) was conducted while preserving the delicate Arctic environment and complying with stringent environmental regulations. The use of slip-sweep, highproductivity, high-resolution vibroseis techniques to acquire high-density data in such a frontier area enabled processing experts to deal with the unique problems of data recorded over permafrost, ice, and a highly variable near surface, to deliver reliable seismic subsurface images and reservoir attributes.
A highly constrained and challenging environment
Seismic surveys in the far North must comply with seasonal, environmental, and safety constraints before, during, and after completion. In Alaska, crews cannot set up camp until the Alaska Department of Natural Resources (DNR) declares the tundra open to off-road travel. This means that along the coastal region, snow cover must meet the 15-cm rule, and the ground must be frozen enough to enable companies to take permitted vehicles over snow without significantly damaging the tundra. When the DNR closes the tundra in the spring, crews have only 72 hours to stop operations and evacuate (Trupp et al., 2009) .
Ensuring minimal impact on this fragile environment was fundamental to the crews operating on the North Slope survey. Specific procedures were put in place to ensure this, such as traveling on single lanes, with dedicated spots for 
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turnarounds, and using low-ground-pressure (LGP) vehicles equipped with wide tires or tracks (Figure 2) . Although in the mid-1990s, sleigh-mounted camps would be moved every two or three days using a dozen steel-tracked bulldozers, today -to reduce the potential impact -only a small number of steel-tracked bulldozers is used. They are being replaced with modified rubber-tracked equipment to reduce impact. Long-term camp areas were completely iced over or preferably set up on frozen pools to minimize effects on the ground. Access to sites was highly regulated, and crews liaised very closely with government agencies throughout operations (Trupp et al., 2009) .
The Arctic tundra environment is extremely sensitive, and regulations are tighter than in any other area where vibroseis acquisition is deployed. The mantra of the field staff working the snow is, "Take only data, leave only footprints."
High-density, high-productivity vibroseis acquisition
The goal of the project was to provide better imaging of the shallower Jurassic and Cretaceous section than had been obtained previously while improving the middle and deeper sections which were the target of earlier surveys. This implied changing the standard acquisition model in the North Slope. Imaging these shallower areas requires a significant increase in source and receiver density, which means increased time, manpower, and exposure to health, safety, and environmental (HSE) risks if acquisition is conducted using standard methods. Increasing acquisition time in this frontier area was something that could not be envisaged because of the short onshore exploration season, which generally runs from December at the earliest to May at the latest.
Taking into account all these constraints, the use of an enhanced slip-sweep technique with simultaneous shooting was selected to allow for high-density acquisition in a limited time window. Such acquisition techniques, routine in North Africa and the Middle East, were new to Alaska.
For this high-resolution survey, source lines and source intervals were closer together, whereas receiver lines were moved farther apart compared with the conventional geometry commonly used on the North Slope. 
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Source-point intervals were reduced from 110 ft to 27.5 ft, whereas receiver intervals remained the same. The receiver array consisted of three inline geophones, in series, over 9 ft. Source lines were finely sampled, thus making it advisable to set up the vibrator array in the receiver-line direction -three trucks abreast over 55 ft.
Going to a slightly sparser receiver-line interval was a compromise to balance the source-effort to receiver-effort ratio so as to meet safety and time limitations (Figure 3 ; Table 1 ). On single traces, the signal-to-noise ratio (S/N) deteriorated by 6 dB on the new design, but the overall S/N, i.e., per subsurface area S/N, increased by more than 2 dB (Winter et al., 2013) .
In slip-sweep vibroseis, the speed at which shot points can be acquired is governed by slip time -the waiting time between sweeps from different vibrator fleets. In this high-productivity slip-sweep vibroseis implementation, a more aggressive (shorter) slip time is used to increase productivity of the vibrator fleets. For this survey, the slip time was set at 8 s, with three fleets of vibrators shaking a single 8-s sweep. Because the second vibration begins during the first-vibration listening time, harmonic noise from the second source leaks into the first-vibration recording. Figure 4 shows the uncorrelated ( Figure 4a ) and correlated ( Figure 4b ) time-frequency plot of two vibrations separated by the 8-s slip time.
Harmonic noise generated by source blending is mitigated onsite using a proprietary technique which models harmonic leakage by a combination of statistical estimation on seismic data and deterministic source-signature measurements. The source signature used was the ground-force estimate, a weighted sum of accelerometer measure ments on the vibrators and systematically recorded throughout the survey by the vibrator electronics. Harmonic-noise attenuation was performed onsite during the in-field quality control and
is thus transparent to final field data delivered for processing (Figures 5 and 6) .
During this survey, the use of high-productivity vibroseis, with three fleets of three vibrators, allowed the crew to complete the program ahead of schedule, with average productivity of more than 4000 vibrator points (VP) per day. A spread of 4840 live channels was employed, allowing 20 to 24 receiver lines to be deployed at any one time, and the data were acquired with 27.5-ft source intervals. This highresolution geometry results in natural bins of 13.75 ft × 55 ft, corresponding to a quarter of the areal size of bins obtained using conventional acquisition parameters for this region and providing a fold increase from 154 to 220.
Acquiring the program required a 150-man crew for operations in the extreme North Slope environment. The 133-mile 2 project took place in less than 60 days, with productivity peaking at more than 5000 vibrator points per day and gathering a total of 225,000 VPs.
Increasing the frequency bandwidth
Another first for this survey was the use of a broadband vibroseis technique. This technique uses tailored nonlinear sweeps that are designed to extend the low-frequency content of the vibroseis emission while working within the mechanical and hydraulic constraints of the vibrator (Baeten et al., 2010) . These improved lower frequencies provide better results in deep imaging and seismic inversion. In a conventional linear sweep, the force applied and time spent on each frequency are the same, i.e., the sweep rate is constant. Using this tailored technique, the sweep rate and force vary with frequency according to the specifications of the vibrator. The key constraints are related to the capacity and flow of fluid within the vibrator's hydraulic system and the "mass stroke," or displacement limit, of the reaction mass.
With a conventional linear sweep, these constraints result in the drive level being limited to a nominal percentage of the peak force to avoid distortion of the sweep signal and to mitigate any mechanical problems with the vibrator. Using a tapered, tailored nonlinear sweep design to build up low frequencies slowly allows the overall drive level to be increased without compromising the integrity of the machine by taking the mass-displacement and hydraulic-flow limitations into account. More vibration time is required to produce lower frequencies, so a low initial sweep rate is required. However, with the higher drive level achieved over middle and high frequencies, the sweep rate can be increased so that the overall sweep length can be comparable to that of a conventional sweep (Figure 7a ). Figure 8 shows unprocessed shot gathers acquired with a conventional sweep of 8 to 80 Hz and a tailored sweep of 4 to 80 Hz. Bandwidth is split into a low-pass section (8-to 10-Hz low pass) and its complementary high pass (8 to 10 Hz) for both shot gathers. The high-pass gathers look identical, which shows that the added octave did not jeopardize the conventional bandwidth in any way. Low-pass gathers show frequency source signal, which includes surface waves, but more important, they show strong body waves -refraction and several reflections. Figure 9 shows the same complementary band-passes applied to a prestack time-migration (PSTM) stacked section, which highlights the structural information present on the added octave.
UPCOMING DEADLINES
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The benefit of the additional low frequencies that were recorded by this technique is demonstrated by the improved resolution of the migrated data, with sharper wavelets and reduced side lobes (Figure 7b ). This leads to stable and detailed inversion results. Poststack inversion tests were performed to demonstrate the benefit provided by the additional low-frequency bandwidth. The data were filtered back to the frequency range of the legacy data (using an 8-to 12-Hz low cut), and both data sets were inverted (Figure 10) .
The same initial impedance model (zero to 12 Hz) was used for both inversions. The improved geologic detail and dynamic range visible in the broad-bandwidth inversion (unfiltered) has improved compared with the filtered, band-limited version.
Benefits of high-density data for processing in onshore Arctic environments
Processing data from the Arctic presents unique challenges such as resolving imaging problems related to permafrost and dealing with noise from ice breaks. Ice breaks are strong impulsive events generated by the ice cap moving and cracking, specifically near lakes or rivers. For data acquired in a conventional way, this noise traditionally has been addressed with multiple sweeps/records, in the best scenario with diversity stack, and in the most expensive scenario with reshooting of the badly affected points.
The dense sampling of the current survey allowed the effects of ice-break noise to be handled by standard noise-burst attenuation procedures. Ice breaks are disorganized in the receiver domain. Increased sampling density improves the results of f-x projection filters (Soubaras, 2000) by reducing the prediction distance. Figure 11 compares a shot affected by an ice break and some vehicle noise before and after impulsive-noise filtering. Figure 12 shows cross-spread time slices that illustrate how impulsive-noise filtering targets the disorganized nature of these events in the densely sampled receiver direction. Ice cracks show up as high-amplitude vertical stripes, which are coherent in the shot domain but disorganized in the receiver domain. The diagonal stripe is the noise from a vehicle moving on the line being recorded by another source group. It is argued that on a conventional grid (four times sparser along 
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the shot line), the prediction would not have been as efficient as it was for this program.
Dense sampling facilitated the noise-attenuation process by reducing the aliasing of noise trends. Common-receiver f-k spectra along the shot line in Figure 13 show aliasing beginning at 15 Hz and entering the signal zone at 25 Hz on the conventional design. On the new design, the linear noise is unaliased throughout the bandwidth. The short shot interval maximizes the chances of recovering frequencies up to and above 55 Hz (Figure 13 ).
Statics and permafrost
Permafrost can occur in layers or in scattered patches and can vary in thickness from 40 to 400 m over a short distance. In those areas, velocities can vary from 1.9 to 4.0 km/s, depending on water content and temperature. As a result, permafrost causes at least two distinct problems related to seismic data imaging (Trupp et al., 2009 ).
The first is a short-wavelength static problem caused by low-velocity anomalies associated with melting beneath perennial water bodies or ice lakes. This rapid spatial variation of velocity not only causes large statics but also erratic wavefield behavior, which complicates imaging (Trupp et al., 2009) .
The second problem is longwavelength structure distortion in the time domain related to the variable thickness of the overall permafrost zone, which is dealt with most effectively by careful velocity model building and depth-domain imaging, as described by Trupp et al. (2009) .
In permafrost areas, turning-ray tomography has been used successfully to invert first-arrival observations and derive a high-resolution, near-surface velocity model for static corrections. This is much more effective where high-density data provide sufficient fold and sampling at the near surface. This method has consistently reduced the total effort and uncertainty associated with handling this particular processing challenge (Trupp et al., 2009) .
For this survey, tomographic refraction statics were applied, using a replacement velocity of 3048 m/s for correcting to the datum. Because of the high sampling density, the permafrost then provided no significant challenges.
Migration and beyond
The tomographic inversion technique was also employed to derive the shallow part of the velocity model used to drive migration. From acquisition to processing, the goal of North Slope programs is to deliver data sets ready for reservoir applications. Care was taken to preserve amplitude variation with offset (AVO) and amplitude variation with azimuth (AVA) throughout the processing sequence. Common-offset vector prestack time migration (COV PSTM) was carried 
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out, preserving azimuthal anisotropy for fracture and stress analyses (Figure 14) .
From a structural perspective, initial comparisons of this high-resolution, high-density data with legacy conventional data show improvements in the imaging of the faulting through the Triassic, Jurassic, and Cretaceous sequences as well as better delineation of structural features in the shallow Brookian sequence. The increase in low frequencies provides greater penetration and illumination of the deeper Franklinian sequence. The shallow data above 600 m/s are also improved, showing continuous horizons, where it is usually not possible to identify anything other than noise on the older, more coarsely sampled data. These improved shallow data help to provide improved near-surface velocity and static models which give better imaging of deeper data.
Conclusion
Seismic exploration in the Arctic poses considerable operational and geophysical challenges. It is important to deploy the highest possible standards of specialized equipment, crew training, and zero-impact methods to acquire the data in the limited available time while ensuring the safety of the crews and preserving the environment and delicate ecosystem. We demonstrated that it is possible and beneficial to acquire high-density broad-bandwidth data in this remote area, and this is especially true because of the limited acquisition time window available. Compared with historical acquisitions, the decrease in single-trace signal-to-noise ratio was outmatched by the density increase. Prestack analysis benefited from the increase in density in the same way that poststack analysis did. The area-specific problems of ice-break noise and highly variable near surface were addressed by matching processing techniques to the specificity of the acquired geometry. This resulted in an amplitude-preserved data set suitable for reservoir applications.
In light of these results, the authors suggest that the next octave down to 2 Hz could be acquired in the area, which might challenge processing workflows even farther yet provide even finer characterization of hydrocarbon deposits in the area.
